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NOMENCLATURE 
(Part V) 
16 p m g  g 
3 pL C ' V  
C : constant i n  Eg.  (2) = --- [sec-1-cm-1] 
C '  : non-dimensional constant = 41 by Levich (4)  
C p  : Drag coef f ic ien t .  non-dimensional 
n 
D i  j Function showing the  nth power e f fec t  of ( 7 5 9 6  j) 
FFj : Function showing the  nth power e f f e c t  of (~i,~j) 
: Function showing the  nth power e f f e c t  of ( E i , 6  ) 
: 
j fZj 
Q : grav i t a t iona l  accelerat ion [cm/sec2] 
k : thermal conductivity [cal/sec "C cm] 
K : constant i n  Eq. ( 3 )  given by Miyagi ( 5 )  [ sec- l ]  
L : l a t en t  heat  [Kcal/kg] 
P : pressure [Kg/cm2] 
2UoRo Pe : Pecklet N o  = -
a 
R : Bubble radius  [cml 
r : non-dimentional radius  = R/% or r ad ia l  co-ordinate i n  spherical  
co-ordinate system 
T : Temperature [ " C ]  
t : t i m e  [ sec]  
U : veloc i ty  [cm/secl 
Um : t r ans l a to ry  ve loc i ty  of the bubble [cm/sec] 
U : non-dimensional ve loc i ty  = U/U, 
v : volume of t h e  bubble [cm3] 
b v i  i 
NOMENCLATURE (Continued) 
X : co-ordinate 
Greek Let te rs  
a : thermal d i f f u s i v i t y  = ?Cp/k [cm2/sec] 
B : angular co-ordinate 
2~0.0504 - -  g - Y : non-dimensional constant t o  be given as y = 
% U:, 
(must be evaluated c -g -s  un i t  by Miyagi ( 5 ) )  1 
Re x Ro2 
0.85 
6 2 non-dimensional quant i ty  = or boundary layer  thickness 
CP(Tm-Ts) 
‘i : s imi la r i ty  var iables  with respect t o  ve loc i ty  change 
Ti : s imi la r i ty  var iables  with respect t o  boundary movement 
7 : non-dimensional t i m e  = b t or s t r e s s  [kg/cm2] 
RO 
rl : s imi la r i ty  var iable  = (r-R)& o r  ( r - R E  
V : viscosi ty  [cm2/sec I 
P : density [Kg/cm31 
0 : surface tension [dyn/cm] 
Tm -T 8 : non-dimensional temperature = -
Tw-T, 
I-1 : viscosi ty  [Kg/sec.cm] 
Sub s c r i p  t s 
0 : steady i n i t i a l  s t a t e .  
S : saturat ion 
a, : condition a t  m 
n : normal component 
v i i i  
t 
a 
b 
cP 
G r  
Q 
k 
P 
P r  
Ra 
NOMENCLATURE (Continued) 
: t angen t i a l  component 
(Part VI) 
radius  of t h e  container 
t h e  i n i t i a l  height of t h e  l iquid 
constant pressure spec i f i c  heat ,  BTU/lbm°F 
Grashof number = gB(Ts-T,)a3/v2 
t h e  acceleration of gravi ty ,  f t / s ec2  
thermal conductivity, BTU/hr f t  OF 
pres  sure  
Prandt l  number = v / a  
Rayleigh number, (GrPr) 
heat flux a t  t h e  walls of the tank pe r  u n i t  area, BTU/hr-ft2 
temp R 
time, sec. 
x-component of t h e  velocity, f t / s e c  
r-component of t h e  veloci ty ,  f t / s e c  
dimensionless x-component of t he  ve loc i ty  
dimensionless r-component of t h e  ve loc i ty  
flow rate 
a x i a l  dis tance,  f t  
dimensionless x 
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NOMENC LATURE ( C onc lud  ed ) 
: r ad ia l  dis tance measured from the  center  of t he  tank, f t  
: thermal d i f f u s i v i t y ,  f t2/sec 
: coeff ic ient  of thermal expansion. 
: density,  lbm/ft3 
: viscosi ty ,  lbm/ft-sec 
: kinematic v iscos i ty ,  f t2/sec 
: dimensionless t i m e  
: dimensionless temperature 
: stream function 
Sub s c r i p t  s 
S : saturat ion o r  l iquid surface 
i , j  : denotes pos i t ion  i n  the  space g r id .  
0 : denotes i n i t i a l  conditions 
W : w a l l  
Superscript 
n : denotes the  t i m e  level  
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ABSTRACTS 
I. 
and i n t e r f a c i a l  phenomena has been completed and i s  referenced. 
A comprehensive summary of the subject of pressurization, s t r a t i f i c a t i o n ,  
11. Descriptions of the  t e s t  vesse l  and t e s t  procedures followed i n  obtain- 
ing subcooled nucleate boi l ing data o f  l i q u i d  nitrogen under f ract i -onal  gra- 
v i t y  and f r e e - f a l l  conditions are  given. 
bo i l ing  region from a disc  ( f l a t  surface) with a v e r t i c a l  or ientat ion,  hori-  
zontal  facing downward, and horizon a 1  facing upward. 
t ions  a re  given of modifications t o  the t e s t  f a c i l i t y  f o r  use with l i q u i d  
hydrogen. 
Data a re  presented i n  the  film 
The e f f e c t s  of pres- 
sure, subcooling, gravity,  and o r i  $ t a t i on  a re  noted. I n  addition, descrip- 
111. 
precis ion the inc ip ien t  bo i l ing  conditions with l i q u i d  hydrogen. 
Design work w i l l  be i n i t i a t e d  on a t e s t  f a c i l i t y  t o  determine with 
Iv. The design of a t e s t  vesse l  fo r  obtaining measurements of pool bo i l ing  of 
l i qu id  nitrogen under high gravi ty  f i e lds ,  up t o  a/g = 100, w i l l  be i n i t i a t e d .  
V. 
l i qu id  i n  which a spherical  bubble i s  growing a s  a r e s u l t  of a s t ep  change 
i n  the  boundary movement and/or t rans la tory  ve loc i ty  of the bubble. Bubble 
growth r a t e s  a re  obtained f o r  the quasi-steady small accelerat ion and la rge  
accelerat ion cases. 
A power-series solut ion i s  obtained f o r  the  temperature f i e l d  i n  the 
VI. The two-dimensional laminar, t rans ien t  f r e e  convection heat and mass 
t r a n s f e r  i n  cy l indr ica l  containers i s  analyzed using the numerical method of 
Ref. 7. 
f o r  t he  flow pa t te rn  a t  two d i f fe ren t  time leve ls  a r e  given. 
The numerical method i s  b r i e f l y  described and the r e s u l t s  obtained 
x i  
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I. PRESSURIZATION, STRATIFICATION, AND 
INTERFACIAL PHENOMENA 
A summary report  t i t l e d  "Pressurization, S t r a t i f i c a t i o n ,  and In t e r f ac i a l  
Phenomena," by J. A. Clark was writ ten f o r  t h e  1964 Cryogenic Ehgineering Con- 
ference as paper A-6. 
Michigan work on t h i s  subject t o  date a s  well as summarizing t h a t  of several  
other i n s t i t u t ions .  
This report  includes a summary of The University of 
Copies of t h i s  report  were sent t o  the contract  monitors at the  George C. 
Copies may be obtained by wri t ing t o  t h e  pr inc ipa l  author 
Marshall Space Fl ight  Center i n  August 1964. Owing t o  i t s  length it w i l l  not 
be reproduced here. 
of t h i s  progress report .  It a l so  w i l l  be published i n  the  forthcoming volume 
Advances - i n  Cryogenic Engineering, Vol. 10, K. D. Timmerhouse, Editor, Plenum 
Press. 
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11. B O I L I N G  OF A CRYOGENIC FLUID UNDER REDUCED GRAVITY 
A. GENERAL 
During the  pas t  reporting period a la rge  number of t e s t s  were conducted 
of bo i l ing  heat t r ans fe r  with l iqu id  nitrogen under f r e e  f a l l  and f r ac t iona l  
gravi ty  conditions. 
The t e s t  package described i n  Fig. 8 of Ref. 1 was used f o r  all these 
t e s t s  and performed s a t i s f a c t o r i l y  f o r  both f r e e  f a l l  (a /g  = 0) and f r ac t iona l  
gravi ty ,  
with t h e  outer package, which serves as a shield and permits r e l a t i v e  in t e rna l  
motion. 
Accelerometer, attached t o  t h e  inner t e s t  package during f r e e - f a l l  t e s t s .  
These p a r t i c u l a r  t e s t s  were conducted t o  determine i f  t h e  connecting thermo- 
couple wires between the  inner and outer packages exerted any detectable  forces  
on the  f r e e  f loa t ing  inner package. It i s  noted t h a t  no e f f e c t  i s  present.  
Although an i n i t i a l  o sc i l l a t ion  i s  present on release,  due t o  the  dynamic 
c h a r a c t e r i s t i c s  of t he  cushioned accelerometer mounting, these a re  rapidly 
damped out and t h e  maximum subsequent change i n  e f f ec t ive  gravi ty  taking 
place during the  f r e e - f a l l  period i s  l e s s  than 0.003 g. 
pared with Fig. 3 of Ref. 1 which indicates  a maximum var ia t ion  of ksOl g 
with the  o r ig ina l  s ingle  t e s t  package. A number of other t e s t s  with the  ac- 
celerometer on the  inner package have shown tha t  the  m a x i m u m  l e v e l  of e f f ec t ive  
grav i ty  may well  be l e s s  than 0.001 g, on the  order of t he  resolut ion o r  t he  
recorder.  
For "Off g t e s t s  t he  inner t e s t  package i s  released simultaneously 
Figure 1 is a recording of the output of t he  0-1 g Kis t l e r  Model 303 
This i s  t o  be com- 
With the  use of the  double package concept f o r  t he  achievement of 
a/g = 0, problems arose due t o  high &act  shocks occurring on the  inner 
package when contact was made w i t h  the  outer  package a t  t he  conclusion of a 
drop. Deformation of t he  supports of the t e s t  objects  within the  inner  pack- 
age occurred, sometimes breaking the  connecting thermocouple wires, Lining 
the  bottom of the  o u t e r  package with foam rubber was not s a t i s f ac to ry  as  t h e  
sp i l l age  of l iqu id  nitrogen and t h e  low temperature environment around t h e  
inner  package caused it t o  harden w i t h  time. The d i f f i c u l t y  was solved tem- 
p o r a r i l y  by providing s t i f f e r  supports fo r  the t e s t  objects,  but fu ture  t e s t s ,  
p a r t i c u l a r l y  with a t e s t  package used t o  contain l iqu id  hydrogen, w i l l  make 
the  presence of la rge  impact shocks undesirable. To provide a quant i ta t ive 
means f o r  determining the  magnitude and duration of t h e  impact shocks, and 
thereby a i d  i n  reducing them i n  future  t e s t s ,  a K i s t l e r  Model 8O%A quartz 
c r y s t a l  high l e v e l  accelerometer (10,000 gmU) has been procured. 
have indicated t h a t  momentary shocks on the  order of 300-400 g ' s  ex i s t  on the  
inner package. 
Tests 
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B. HEAT TRANSFER SURFACE GEOMETRY 
1. Spheres 
Data have been reported previously i n  a l l  r-egions of bo i l ing  with spheres 
of 1, 1/2, and 1/4 i n .  diameters a t  a/g = 1 and reduced g rav i t i e s  with sat-  
urated l iqu id  nitrogen a t  atmospheric pressure.  No differences i n  behavior 
were noted between the  1 and 1/2 in .  diameter spheres, whereas a d i s t i n c t  
change occurred i n  the film boi l ing cha rac t e r i s t i c s  with the  1/4 i n .  diameter 
sphere, as might be noted i n  Figs. 12-14 of Ref. 1. Additional data have 
been obtained with the  1 and 1/4 in .  diameter spheres, with saturated and sub- 
cooled l iqu id  nitrogen, and at  pressures up t o  5 atmospheres. 
For t he  1 in .  diameter sphere, the  t r ans i en t  temperature measurements a re  
made at  t h e  center and near t he  surface, and a d i g i t a l  computer program de- 
scribed i n  previous reports  i s  used i n  the  data reduction process f o r  the  sake 
of convenience and t o  improve the  accuracy i n  the  nucleate bo i l ing  region. A t  
times osc i l l a t ions  i n  output r e s u l t s  have occurred as a consequence of t h e  use 
of unsmoothed input data i n  conjunction with the  computational procedures used. 
The program was modified t o  provide a smoothing of t he  temperature-time dervi-  
a t ives  with a least-mean-square f i t  procedure. Also, a d i r e c t  computer-plotted 
output procedure w a s  incorporated t o  permit immediate detect ion of e r rors .  
A n  example of t h i s  type of output i s  shown i n  Fig. 2. Superimposed on t h e  
p lo t  f o r  reference a re  the  representat ive data a t  a/g = 1. 
Due t o  s i z e  l imi ta t ions  a s ingle  thermocouple i s  inser ted i n  t h e  1/4 in.  
diameter sphere, and the  sphere t rea ted  as a lumped system within an accept- 
able approximation. The d i g i t a l  computer program i s  s t i l l  used t o  determine 
t ime-rates of temperature change. 
2. Flat  Surface (d isc)  
The sphere i s  a spec ia l  surface i n  t h a t  i n  a d i r ec t iona l  force f i e l d  
it includes surfaces having a l l  possible  or ien ta t ion .  Under long term zero- 
gravi ty  conditions t h e  or ien ta t ion  of t he  hea ter  surface, of course, should 
not a f f ec t  the  r e su l t s .  With f r ac t iona l  grav i ty  conditions, however, as 
well as the  s h o r t  term zero-gravity present with t h e  drop tower technique 
used here, it might be ant ic ipated t h a t  t he  o r i en ta t ion  of a f l a t  surface 
would influence the  boi l ing heat t r ans fe r .  I n  t h e  case of short  t ime .  zero- 
gravi ty  t h i s  could represent the  e f fec t  of r e s idua l  l i qu id  motion imparted 
p r i o r  t o  release of t he  t e s t  vessel .  
Measurements of boi l ing heat t r ans fe r  c h a r a c t e r i s t i c s  have been made with 
a f l a t  surface w i t h  various or ien ta t ions .  With t h e  shor t  t e s t  periods ava i l -  
able it w a s  desired t o  continue the  use of t h e  t r a n s i e n t  technique. The d i sc  
4 
used i n i t i a l l y  w a s  constructed as indicated i n  R e f .  2, which a l so  describes 
the  design pr inc ip les  followed. Several narrow concentric grooves were ma-  
chined on t h e  inner sides of the  d isc  i n  order t o  form t h e  guard heaters  
necessary f o r  t h e  computation of heat f lux  a t  t h e  surface from the  t r ans i en t  
temperatures measured i n  the  cen t r a l  portion. 
these  grooves it w a s  found necessary t o  use "leaded" copper, a f r e e  machining 
copper containing 1% lead. Accurate computations of heat f l ux  i n  t h e  bo i l ing  
regions of high heat f lux  such as nucleate and t r a n s i t i o n a l  required t h a t  
temperature d i f f e r e n t i a l s  be measured within the  cen t r a l  region of t h e  disc ,  
and f o r  t he  rapid response required it w a s  necessary t o  solder  the  thermo- 
couples at t he  bottom of the  d r i l l e d  holes, using t h e  parent metal as t h e  
intermediate connection between junctions. Physically unreasonable values 
of temperature d i f f e r e n t i a l s  were obtained, and these  have been a t t r i bu ted  t o  
inhomogeneities i n  t h e  leaded copper, giving rise t o  EMF'S which could not be 
related t o  temperature differences.  
To perform t h e  machining of 
It w a s  necessary t o  make a new disc using e l e c t r o l y t i c  copper. Since 
t h e  narrow concentric grooves necessary t o  avoid edge e f f e c t s  could no longer 
be machined i n  t h e  s o f t  copper, a redesign of t h e  d i sc  w a s  made. The c e n t r a l  
tes t  por t ion  of t h e  d isc  w a s  made square, r a the r  than c i rcu lar ,  so t h a t  screw- 
s l o t t i n g  cu t t e r s  operating a t  high speed could be used t o  machine t h e  s lo t s .  
The s l o t s  were terminated before emerging from the  periphery of t he  d isc .  
Figure 3 shows a sketch of t h e  new disc. 
ent  t o  fu r the r  i s o l a t e  t h e  cen t r a l  t e s t  port ion from edge ef fec ts ,  requir ing 
a somewhat l a rge r  disc .  
An addi t ional  s e t  of s l o t s  i s  pres- 
As i n  t h e  p r i o r  design, two such d i sc s  are placed back-to-back, with a 
1/16 in.  gap on t h e  cen t r a l  plane t o  provide as close t o  an adiabat ic  surface 
as possible.  The two halves are held together  with screws on t h e  1/4 in.  
wide per ipheral  mating surface, which i s  sealed with a rubber-type cement. 
Holes .Oh0 in.  i n  diameter are d r i l l ed  outward from the  cen t r a l  plane 
i n  one of t he  d i sc s  f o r  purposes of soldering thermocouple junctions a t  t h e  
bottom. Figure 3 shows the  locat ion o f  these  and t h e  respective recorder 
connections. ATs measures the  temperature .030in.  from the  heat t r a n s f e r  
surface with respect  t o  t h e  i c e  point; AT1 i s  the  temperature difference be- 
tween t h i s  same point  and t h e  adiabatic center l ine;  AT2 i s  t h e  temperature 
d i f fe rence  between t h e  adiabat ic  center l ine and a point  midway t o  t h e  heat 
t r a n s f e r  surface; and ATg i s  t h e  temperature difference between correspond- 
ing  po in t s  i n  t h e  c e n t r a l  tes t  region and t h e  first guard r ing,  serving as 
an indica t ion  of t h e  effectiveness of t h e  thermal guard rings. 
With the  addi t ional  information on t r ans i en t  temperature d i s t r ibu t ions  
within t h e  s lab ,  more accurate values of heat f l u x  at t h e  heat t r a n s f e r  sur- 
face  can be computed i n  the  regions of high heat flux. Data obtained t o  date  
wi th  t h e  d isc  have been primarily i n  the film boi l ing  region where a lumped 
system analysis  i s  sa t i s f ac to ry ,  t h e  Biot Number being on the  order of 0.003. 
5 
A d i g i t a l  computer program has recent ly  been completed t o  permit data reduction 
i n  the  t r ans i t i on ,  m a x i m u m  heat f lux,  and nucleate boi l ing  regions f o r  the  
d is t r ibu ted  system. This w i l l  be described i n  t h e  next report  w i t h  representa- 
t ive  r e s u l t s .  
The or ientat ions of t he  f l a t  surface of major i n t e r e s t  a re  v e r t i c a l ,  
hor izontal  facing upward, and horizontal  facing downward, t he  d i rec t ions  being 
indicated w i t h  respect t o  t h e  normal gravi ty  f i e l d .  The d i rec t ion  and magni- 
tude of bulk l iquid motion, along with the  f a c i l i t y  of vapor removal from the  
v i c i n i t y  of the heat t r a n s f e r  surface may reasonably be expected t o  d i f f e r  
with these  or ientat ions,  resu l t ing  i n  changes i n  heat t r a n s f e r  cha rac t e r i s t i c s .  
C. VARIABLE STUDIED 
For convenience the  range of var iables  covered i n  the  t e s t  data t o  be 
presented a re  l i s t e d .  Because of t he  number of var iables ,  coverage of a l l  
possible combinations w a s  not p rac t i ca l ,  and judicious se lec t ion  became neces- 
sary i n  an attempt t o  d isc lose  s ign i f icant  t rends.  
1. Configuration and Orientation 
a. Spheres.-1 and 1/4 i n .  diameter, discussed i n  Section B - 1  above. 
b. F la t  Surfaces. -3 i n .  diameter d i sc ,  v e r t i c a l ,  hor izontal  facing ug, 
horizontal  facing down, discussed i n  Section B-2 above. 
2. Boiling Regime 
Using l iquid nitrogen, d a t a  a re  presented f o r  a l l  regions of bo i l ing  
from f i l m  boi l ing with AT'S of 300°F through the  t r a n s i t i o n ,  m a x i m u m  heat 
f lux ,  and nucleate boi l ing  regions. 
gen, some data  a r e  avai lable  f o r  non-boiling convection as well .  A l a rge  
amount of t he  t e s t  data presented here appl ies  t o  t h e  f i l m  bo i l ing  region, 
but again because of the  la rge  number of var iables  only a su f f i c i en t  number 
were conducted t o  disclose a meaningful t rend.  
held constant,  from two t o  four  t e s t s  were conducted w i t h  various values Of 
AT i n  t h e  film boi l ing  region f o r  each t e s t  condition. 
For t e s t s  with subcooled l i qu id  n i t r o -  
All other  var iables  being 
3. Subcooling 
The r e su l t s  of t e s t s  presented heretofore (e.@;. , R e f .  1) d e a l t  with the  
A s  an exten- 
influence of standard, f r ac t iona l ,  and short  time zero-gravity on t h e  various 
boi l ing  regimes with a saturated cryogenic l i q u i d ,  nitrogen. 
s ion of these  r e su l t s ,  it w a s  desired t o  determine t h e  addi t iona l  e f f ec t s  
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reduced gravity.  The method adopted as most convenient t o  achieving subcool- 
ing w a s  rapid pressurizat ion of t h e  t e s t  vessel  with helium. 
of 3 and 5 atmospheres were selected,  giving i n i t i a l  subcoolings of 19.3OF 
and 30.3'F, respectively,  With the  t rans ien t  technique employed t o  obtain 
Nominal pressures 
I t h e  heat t r a n s f e r  data ,  immersing the  heated tes t  object i n  t h e  bulk l iqu id ,  
t 
To date t h e  t es t  objects have been immersed i n  t h e  l iqu id  nitrogen while 
near room temperature and permitted t o  cool down t o  the  region of i n t e re s t .  
With t h e  1/4 in.  diameter sphere the  change i n  subcooling upon cooling down 
t o  t h e  nucleate boi l ing region i s  negligible,  and i s  s m a l l  with t h e  1 in .  
diameter sphere. With t h e  d isc ,  however, appreciable heating of t he  sub- 
cooled l i qu id  does take place because of i t s  large heat capacity. To c i r -  
cumvent t h e  var ia t ion  i n  subcooling, provision may be made t o  precool t he  
tes t  object t o  near t h e  desired range p r i o r  t o  immersing it i n  t h e  subcooled 
l iqu id .  A s  w i l l  be pointed out, however, it has been found t h a t  subcooling 
grea te r  than some minimum value, as  yet indetermined, appears t o  have no in-  
fluence on t h e  f i lm boi l ing process. 
A s p l i t  cover w a s  i n s t a l l ed  on the  outer  vessel  f o r  pressurizat ion,  as 
shown on Fig. 4. 
valve, a pressure r e l i e f  valve, a s t r a i n  gage pressure transducer f o r  re- 
corciing purposes, and the necessary e i e c t r i c a i  connections i n t o  the outer  
vessel. 
object and f i l l i n g  the  inner vessel. The t e s t  object i s  attached t o  a 
hinged arm and inserted in to  t h e  l iquid nitrogen a t  t he  desired time re- 
motely by ac t iva t ing  a solenoid. 
On one half  of t h e  cover were in s t a l l ed  t h e  pressurizing 
The other  half furnished access between t e s t s  f o r  heating t h e  tes t  
The temperature of t h e  bulk l iquid i s  monitored continuously with a ther -  
mocouple located approximately 1 in.  from t h e  tes t  object i n  the  same hor- 
i zon ta l  plane. With t h e  intense agi ta t ion induced by t h e  boi l ing process it 
i s  not f e l t  t h a t  appreciable s t r a t i f i c a t i o n  takes  place. From the  saturat ion 
temperature corresponding t o  t h e  pressure t h e  degree of subcooling i s  com- 
put ed . 
4. Pressure 
A s  pointed out i n  the  prevtous section, the  range of pressures covered 
i n  these  t e s t s  are  1, 3, and 
pressur iza t ion  with an i n e r t  
are introduced, pressure and 
fluence t h e  boi l ing  process. 
5 atmospheres, nominal. With t h e  technique of 
gas used t o  achieve subcooling, two variables 
subcooling, each of which may and indeed does in-  
To determine t h e  e f f ec t  of subcooling alone, 
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t h e  e f fec t  of pressure must a l so  be determined. To t h i s  end, data were ob- 
ta ined with the various t es t  objects  f o r  saturated l iqu id  nitrogen a t  3 and 
5 atmospheres pressure. 
ambient heating brought t he  l iqu id  nitrogen t o  i t s  sa tura t ion  temperature 
p r i o r  t o  inser t ing  t h e  t e s t  object. 
The vessel  w a s  pressurized with nitrogen gas, and 
The pressure i s  regulated manually while the  t e s t  vessel  i s  at r e s t  at 
standard gravity. 
tends t o  increase the  pressure i f  no venting takes  place,  as i s  necessary 
during t h e  f r e e - f a l l  o r  f r ac t iona l  grav i ty  tes t  drop period. 
ou ter  vessel  has su f f i c i en t  volume t h a t  during t h e  short  drop time t h e  pres-  
sure increase may be neglected. 
The off-gasing associated with boi l ing  from the  t e s t  object 
However, t he  
5 .  Gravity 
Pr ior  data  have been reported f o r  body forces  corresponding t o  the  f o l -  
Again, t o  keep the  t o t a l  number of t e s t s  conducted reasonable 
lowing r e l a t ive  accelerat ions:  
(a/g < .OOl) . 
with the  var iables  t o  be considered, t h e  t e s t s  reported here were conducted 
f o r  t he  most par t  a t :  
f e l t  t h a t  a single f r a c t i o n a l  gravi ty  would furn ish  the  desired indicat ions.  
a/g = 1, 0.60, 0.33, 0.20, and f r e e - f a l l  
a/g = 1, 0.20, and f r e e - f a l l  (a /g  < 0.001). It w a s  
The number of t e s t s  conducted during the  pas t  report ing period a re  sum- 
marized below i n  Table I i n  the  categories  of geometry and gravi ty .  
each condition shown are  contained t h e  var iab les  of pressure and subcooling, 
some t o  a grea te r  o r  l e s s e r  extent.  
Within 
TABLE I 
SUMMARY OF TESTS CONDUCTED 
WITH FRACTIONAL GRAVITY I N  THIS PERIOD 
1/4 in.  sphere 5 22 5 32 
1 in. sphere 29 15 19 63 
Disc-V 9 15 28 52 
Disc-HU 3 9 9 21 
Disc-HD 3 9 6 18 
Totals  49 70 67 186 
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D. TEST PROCEDURES AND RESULTS 
Pr ior  t o  each tes t  the  outer vessel  w a s  opened and t h e  t e s t  object brought 
up t o  room temperature. For zero-gravity t e s t s  t he  inner t e s t  vessel  w a s  
suspended from the f r i c t i o n  release pawl and f i l l e d  with l iqu id  nitrogen. 
f r ac t iona l  gravi ty  t es t s  t h e  inner vessel res ted on t h e  bottom of t h e  outer 
vessel. The t e s t  object w a s  then placed i n  pos i t ion  f o r  subsequent immersion 
i n  the  l iqu id  nitrogen by a solenoid release,  and t h e  outer vessel  closed. 
The Sanborn recorder i s  then calibrated.  
For 
For obtaining subcooled data ,  the  vessel  i s  pressurized, t he  t es t  object 
inser ted,  and the outer vessel  released at the  des i r ed  point on t h e  boi l ing  
curve. For da t a  with saturated l iquid under pressurizat ion,  t he  t e s t  object 
i s  not immersed u n t i l  the l iqu id  has reached i t s  sa tura t ion  temperature, and 
then t h e  outer vessel  i s  released. 
l 
I 
I 
The r e s u l t s  reduced t o  completion t o  date are  presented below f o r  t h e  
d i sc ,  subdivided f irst  according t o  or ientat ion,  and then pressure, subcool- 
ing and gravity.  Results have been obtained f o r  t he  1 in.  and 1/4 in .  diam- 
e ter  spheres, but t h e  data reduction are not yet  complete. These w i l l  be re- 
ported i n  the  next period. 
1. Fla t  Surface (disc)  
a. Vert ical  Orientation. - 
i. P = 1 Atmosphere, Saturated.-Figure 5 indicates  data obtained 
w i t h  t h e  d isc  i n  a v e r t i c a l  posi t ion,  i n  the  f i l m  boi l ing region, with sat- 
urated l iqu id  nitrogen at atmospheric pressure, f o r  standard gravi ty  
(a /g  = l), f o r  f r ac t iona l  gravi ty  (a/g = 0 . 2 ) ,  and f r e e - f a l l  (0.001 < - a/g 
- < 0.003) .  
siderably higher than t h a t  obtained with the  1 in .  diameter sphere. The 
heat t r a n s f e r  rates with f r e e - f a l l  do not appear t o  be considerably l e s s  
than t h a t  f o r  a/g = 0.2. 
t i o n  induced by v i r tue  of t h e  la rge  mass and s i z e  of' t h e  disc.  
It i s  noted that fo r  a given AT, t he  heat t r ans fe r  rates are  con- 
This may be a consequence of t h e  la rge  l iqu id  mo- 
Several  addi t ional  tests a re  planned f o r  a/g = 0.2 at t h e  lower leve ls  
of AT i n  t h e  f i lm boi l ing  region and i n  t h e  nucleate boi l ing  region. 
ii. P = 3 Atmosphere, Saturated.-Figure 6 presents data  similar 
t o  t h a t  i n  Fig. 5 except f o r  a nominal pressure of 3 atmospheres. A t  
a/g = 1, t h e  r a t e  of heat t r ans fe r  i s  greater  than at one atmosphere pres- 
sure. Again, several  addi t ional  data  points  a r e  t o  be obtained at t h e  lower 
l e v e l s  of AT i n  t h e  fi lm boi l ing  range f o r  a/g = 0.2 and f r ee - f a l l .  
iii. P = 3 Atmosphere, Subcooled.-Figure 7 shows da ta  fo r  t he  
v e r t i c a l  d i sc  with various degrees of subcooling. Run 6 5 ~  covered t h e  e n t i r e  
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f i lm boi l ing  range, and t h e  subcooling decreased from an i n i t i a l  value of 12OF 
the  l i qu id  by t h e  disc .  
i s  noted tha t  a t  t h e  high values of AT, with la rge  subcooling, t he  e f f e c t  of 
1( 
~ 
I 
i 
at t h e  highest AT t o  saturated l iqu id  a t  the lowest AT due t o  the  heating of 
data near t he  low values of AT should be con- 
sidered as saturated data  at t h i s  pressure.  By comparing Figs. 6 and 7, it 
subcooling i s  t o  increase the  heat f lux  with f i l m  boi l ing  at a/g = 1. Sev- 
e r a l  addi t ional  data  points  are necessary at a/g = 0.2 and f r e e - f a l l  t o  make 
conclusive statements f o r  these  conditions. I 
I 
Thus, 
1 
I 
I 
iv.  P = 5 Atmosphere, Saturated.-Figure 8 presents  data obtained 
with saturated l i qu id  nitrogen a t  5 atmosphere pressure.  On comparison with 
Fig. 6 ,  a fur ther  increase i n  heat f lux  with pressure i s  observed. 
i n  heat f l u x  with reduction i n  a/g, however, i s  l e s s  than a t  the  lower pres-  
sures .  This might be ant ic ipated since t h e  buoyant forces  decrease with in-  
creasing pressure due t o  dens i ty  e f f ec t s .  
The change 
v. P = 5 Atmosphere, Subcooled.-In Fig. 9, da ta  corresponding t o  
Fig. 8 a re  presented, except t h a t  the  l i qu id  nitrogen i s  subcooled. Again, 
t h e  differences between saturated and subcooled data are more pronounced at 
t h e  higher values of AT, where subcooling i s  the  l a rges t .  
b. Horizontal Orientation (Test Surface Up) . -Figures 10-12 indicate  
data with t h e  f la t  heating surface facing upward, f o r  P = 1 atm.-saturated, 
P = 5 atm-saturated, and P = 5 atm-subcooled, respect ively.  In  determining 
the  influence of or ien ta t ion ,  a s ingle  pressure f o r  t h e  subcooled case w a s  
deemed suf f ic ien t .  For P = 1 atm-saturated, comparison can be nade between 
Figs. 5 and 10. 
whereas with f r ac t iona l  grav i ty  and f r e e - f a l l ,  t h e  heat f l ux  decreases t o  a 
grea te r  extent with the  v e r t i c a l  o r ien ta t ion  than t h e  horizontal-up posi t ion.  
This behavior would seem t o  exclude t h e  p o s s i b i l i t y  t h a t  t h e  f lu id  motion w a s  
a s ign i f icant  fac tor ,  s ince t h e  f l u i d  motion i s  expected t o  be grea te r  f o r  t h e  
v e r t i c a l  case than t h e  horizontal  one. Similar e f f e c t s  occur at P = 5 a t m -  
sa turated,  noted by comparing Figs. 6 and 11, and a t  P = 5 atm-subcooled, by 
comparing Figs. 7 and 12. In  t es t  Run 7 l L  of Fig. 12, t h e  da t a  appear un- 
usual ly  high. Similar  behavior occurred with a subsequent re-run, t o  be re-  
ported la ter .  Also, i n  Fig. 12, the  instantaneous values of bulk subcooling 
a re  l i s t e d  along the da t a  poin ts  f o r  Run 6 9 ~ .  
A t  a/g = 1, no difference e x i s t s  i n  behavior of f i lm boi l ing ,  
c. Horizontal Orientation (Test Surface Down) -Figures 13-15 indicate  
data obtained with t h e  f l a t  heating surface facing downward, f o r  P = 1 a t m -  
sa turated,  P = 5 atm-saturated, and P = 5 atm-subcooled, respect ively.  
In a l l  cases, t he  changes i n  heat f lux  r e s u l t i n g  from decrease i n  grav- 
i t y  are s m a l l ,  as might be ant ic ipated.  
tend t o  keep the vapor i n  t h e  v i c i n i t y  of t h e  heat ing surface.  With Run 70B 
on Fig. 14 ,  the pressure did not remain constant due t o  experimental d i f -  
f i c u l t i e s ,  and the  instantaneous values a re  tabulated along the  data points.  
With t h i s  o r i en ta t ion  t h e  body forces  
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Comparing Figs. 10 nd 13 f o r  P = 1 atm-saturated, Figs. 11 and 14 f o r  
P = 5 atm-saturated, and Figs. 12 and 15 f o r  P = 5 atm-subcooled, it i s  ob- 
served t h a t  v i r t u a l l y  no differences i n  behavior ex i s t  between t h e  horizontal  
up and the  horizontal  down orientat ions a t  a/g = 1, and t h e  differences a t  
reduced gravi ty  are very s m a l l .  
reduced, these  p l o t s  w i l l  be combined t o  show more graphical ly  t h e  individual 
e f f ec t s  of pressure, subcooling, and orientation. 
When the  remaining da ta  avai lable  has been 
E. MODIFICATIONS TO FACILITIES FOR TIIE USE OF LIQUID HYDROGEN 
Planning and engineering design work has been completed t o  provide t h e  
f a c i l i t i e s  f o r  obtaining boi l ing  heat t r ans fe r  da ta  t o  l i qu id  hydrogen under 
standard gravity,  f r ac t iona l  gravi ty  and short  time zero-gravity, with f ree-  
fall .  
containers within an enclosed space. 
t h e  roof of t he  bui lding as t h e  upper terminal of t h e  drop tower, as t h e  
l iqu id  hydrogen storage dewar could be l e f t  i n  the  open, with t r ans fe r  of 
l iqu id  hydrogen t o  t h e  tes t  vessel  taking place through appropriate vacuum 
insulated l i n e s  i n  an atmospheric vented space. Since openings i n  t h e  roof 
la rge  enough t o  provide necessary communication between the  present ins t ru-  
mentation area and t h e  upper working area could not be made, t he  she l t e r  area 
on t h e  roof w a s  enlarged t o  permit the loca t ion  of a l l  instrumentation and 
operations at t h i s  leve l .  Preliminary cost  estimates f o r  t h i s  construction 
have been obtained and exceed considerably t h a t  or ig ina l ly  estimated. 
a consequence of t h e  required roof- instal la t ion,  addi t ional  sa fe ty  and vent- 
ing yrmri sions and s t ruc t iona l  engineering and arch i tec tura l  demands of The 
University of Michigan. Additional and f i n a l  cost estimates are presen7;iy 
being obtained. 
Fire  and safe ty  regulations prohibit  t he  storage of l iqu id  hydrogen 
This dictated the  necessi ty  of using 
This i s  
It i s  planned t h a t  t h e  boi l ing  heat t r ans fe r  da ta  w i l l  be obtained using 
the  same t rans ien t  technique as with l iqu id  nitrogen. To prevent contact of 
l i qu id  hydrogen with a i r ,  with the  resul tant  contamination due t o  so l id i f i ca -  
t i o n  of t h e  oxygen and nitrogen, a closed vessel w i l l  be constructed. 
t h e  t r ans i en t  technique r e s u l t s  i n  net generation of vapor, venting of hydro- 
gen vapor w i l l  be necessary by means of a pressure r e l i e f  valve during the  
various phases of t h e  t es t  operation. This includes t h e  period while t h e  t e s t  
vesse l  i s  at t h e  top of t h e  drop tower, during free-fall,  and at the  end of 
t he  drop period with the  vessel  a t  the bottom of the  tower. To contain the  
vented hydrogen the  e n t i r e  drop area w i l l  be enclosed i n  an aluminum duct ap- 
proximately four f e e t  square, terminating a t  t h e  lower end i n  a chamber 
housing t h e  buffer ,  and at the  upper end i n  a chamber i so la ted  from the  in- 
strumentation and working area. The arrangements of t h i s  f a c i l i t y  are shown 
i n  Fig. 16. 
Since 
In t h e  roof of t h e  shaft-head chamber i s  located an explosion-proof ex- 
haust fan  capable of providing approximately 120 a i r  changes per  hour i n  the  
working space where hydrogen might be expected. The shaft-head chamber i s  
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i so la ted  from the  operating a rea  by an "air-lock" room t o  prevent any poss ib i l -  
i t y  of hydrogen ge t t ing  i n t o  t h e  working area. 
w i l l  be ins ta l led  t o  sample the  a i r  at various locat ions i n  the  t e s t  area,  
and w i l l  sound an alarm and start  t h e  exhaust fan automatically should a 
hazardous accumulation ex i s t .  The outer  w a l l  of t he  shaft-head chamber con- 
s is ts  of a blowout type panel and door. 
A 4-point hydrogen detector  
The lower p a r t  of t he  buffer  chamber has inward opening louvers t o  pro- 
vide a source of a i r  fo r  t he  exhaust fan,  and both t h e  buffer  and shaft-head 
chambers w i l l  have 8 C02 cylinders f o r  flooding the  t e s t  chamber should the  
need ar i se .  
fan w i l l  be operating at a l l  times any hydrogen i s  being handled o r  used ex- 
cept f o r  t h e  short  period, approximately 2 sec,  t h a t  t h e  ac tua l  drop takes.  
The fan w i l l  be shut-off during t h i s  period t o  avoid excessive a i r  drag. 
The normal operating procedure w i l l  be such t h a t  t h e  ven t i l a t ing  
Because of interference of the  buf fer  chamber with a gasometer a t  t h e  
lower l eve l ,  and cooling tower supports at the  roof l e v e l  of t he  present loca- 
t i on ,  t he  drop tower i s  being relocated t o  a f loo r  hatch opening 24 f e e t  away 
i n  the  Fluids Engineering Laboratory. This w i l l  br ing the  research area 
c loser  t o  the  stairway and f r e igh t  e levator  leading t o  the  roof leve l .  
Figure 17 shows a cross  sec t iona l  view of t he  proposed t e s t  vessel  t o  be 
used with l iquid hydrogen. It cons is t s  e s s e n t i a l l y  of a superinsulated cryo- 
stat contained within a double-wall vessel .  
l iqu id  hydrogen w i l l  be v i a  the  tube serving as the  opening, and i s  minimized 
by necking the sect ion down and providing a l i qu id  nitrogen bath around the  
cover. This bath a l so  eliminates t h e  heat leakage from the  environment v i a  
the  main support rods . 
The primary heat leakage t o  t h e  
Liquid hydrogen i s  charged in to  the  c ryos ta t  through a vacuum insulated 
l i n e  passing through the  l iquid nitrogen bath. Also connected t o  the  cryo- 
stat a t  t h e  main flanged opening are  two vent tubes,  one f o r  a pressure re -  
l i e f  valve, the other  f o r  a rupture d i sc  and pressure measurement, a high 
and low l iqu id  l e v e l  detector ,  and two bulk l i qu id  thermocouples. 
Associated with the  l i qu id  nitrogen ba th  a re  a f i l l  tube and a l i qu id  
l e v e l  detector.  
pressure regulating valve i n  the  cover. 
the  vapor space around t h e  c ryos ta t ,  t h i s  arrangement w i l l  provide an i n e r t  
atmosphere completely surrounding the  c ryos ta t  , an addi t iona l  s a fe ty  f ac to r  
should the  cryostat  rupture. 
Venting of t he  nitrogen vapor w i l l  take place through a 
With su i t ab le  i n i t i a l  purging of 
The t e s t  object,  i n i t i a l l y  a sphere, i s  inser ted  i n t o  t h e  l i qu id  hydro- 
gen by means of a long hollow SS rod extending through t h e  heating chamber 
cover and t h e  outer vessel  cover, sealed with severa l  sets of Teflon 
r ings.  Since temperatures i n  these  regions w i l l  be above l i qu id  ni t rogen 
temperatures no d i f f i c u l t i e s  i n  seal ing a re  an t ic ipa ted .  Thermocouple con- 
nections t o  the sphere w i l l  be made through t h e  hollow rod, with t h e  pres-  
sure s e a l  a t  the room temperature end. 
"0" 
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In order t o  make a number of tes t  runs with a s ing le  charge of liquid 
hydrogen, it i s  necessary t h a t  t he  t e s t  object be heated after a pa r t i cu la r  
tes t  without removal from the  vessel. With t h e  t e s t  object within the  heat- 
ing chamber, heating w i l l  take place by rad ia t ion  from an e l e c t r i c a l  tubular  
heating element formed i n  t h e  shape of a cylinder. E lec t r i ca l  termination 
of t he  heater  element w i l l  take place external  t o  t h e  t es t  vessel .  Radiation 
shields  below t h e  tes t  object w i l l  i so la te  t he  radiant  heaters  from t h e  l i qu id  
hydrogen, and tubular  c o i l s  surrounding the  heaters w i l l  reduce heat t r ans fe r  
t o  t h e  l iqu id  nitrogen bath during the heating process and cool t h e  chamber 
down once heating has stopped by circulat ing l iqu id  nitrogen through the  
co i l s .  A thermocouple w i l l  be attached t o  the  radiant  heater c o i l  t o  monitor 
i t s  temperature, and another thermocouple w i l l  measure the  heating chamber 
vapor temperature. 
Surrounding t h e  double-wall outer vessel  i s  an a i r - res i s tance  shield,  
f o r  use i n  f r e e - f a l l  t e s t s  t o  obtain a s  near t o  zero-gravity as possible.  
This shield is  released simultaneously with t h e  t e s t  package by means of a 
solenoid actuated re lease  yoke and ring as shown i n  the  upper portion of Fig. 
17. 
F. FUTURE EFFORTS 
1. Liquid Nitrogen 
The majority of tests concerned with subcooled pool bo i l ing  have been 
completed and are  being processed. 
f l a t  surface and fo r  t h e  sphere, and w i l l  be reported i n  t h e  next reporting 
periods as they become available.  
These include addi t ional  data f o r  t he  
2. Liquid Hydrogen 
Design of t h e  tes t  vessel  f o r  the use of l iqu id  hydrogen w i l l  be con- 
t inued, as  w i l l  t he  design e f f o r t  associated with modification t o  the  drop- 
tower f a c i l i t y .  
111. INCIPIENT BOILING OF LIQUID HYDROGEN 
Design work w i l l  be i n i t i a t ed  during the next reporting period on a t e s t  
f a c i l i t y  t o  determine w i t h  precis ion the inc ip ien t  bo i l ing  conditions w i t h  
l iqu id  hydrogen. 
urements and v isua l  observations. 
T h i s  w i l l  include simultaneous steady state thermal meas- 
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I V .  BOILING OF A CRYOGENIC LIQUID UNDER HIGH GRAVITY 
The design of a t e s t  vessel  for obtaining measurements of pool boi l ing of 
a cryogenic l i qu id ,  i n i t i a l l y  l iqu id  nitrogen, under high gravi ty  f i e l d s ,  up 
t o  a/g = 100, w i l l  be in i t i a t ed .  The a v a i l a b i l i t y  of a la rge  centrifuge i n  
the  laboratory will permit the use of a vessel  of su f f i c i en t  s i ze  t o  obtain 
data  with subcooled l iqu id  nitrogen and w i t h  pressures higher than atmospheric. 
Also, t h e  t r ans i en t  technique using both a f l a t  d i sc  and a sphere can be in- 
corporated so that da t a  over t h e  en t i r e  bo i l ing  range can be obtained, in -  
cluding nucleate,  maximum heat f lux,  t r ans i t i on  and f i l m  boi l ing.  
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V. INJECTION COOLING 
A. INTRODUCTION 
Bubble growth or collapse i n  t h e  in j ec t ion  cooling has been ana ly t ica l ly  
and experimentally investigated i n  Ref. 9. 
liminary study on the  growth o r  collapse of a spher ica l  bubble with t r ans -  
l a t o r y  motion. 
model i s  formulated i n  which the  bubble growth or  collapse is  governed only 
by i t s  t r ans l a to ry  motion and energy diffusion i n  the  l iqu id .  It is  an t ic -  
ipated t h a t  i n  the  next period, the model w i l l  be modified t o  include the  sim- 
ultaneous d i f fus ion  of mass. By means of t ransfer ing  the  reference frame from 
l iqu id  t o  t h e  moving bubble, t he  problem becomes that of a uniform flow about 
a spherical  bubble. This transformation of t h e  coordinate systems has an ad- 
vantage i n  the  formulation of t h e  problem without changing the  physics. 
T h i s  sect ion i s  t o  report  a pre- 
In order t o  understand t h e  basic  mechanism involved, a simple 
B. MODEL AND ANALYSIS 
The physical system analyzed i s  shown i n  Fig. 18. It consis ts  of a 
uniform flow about a spherical  bubble with radius R. I f  the  bubble i s  suf- 
f i c i e n t l y  small i n  s i z e  (0.3-0.5 em diameter), it maintains a spherical  form. 
Under t h e  isothermal condition throughout t he  system, Chao3 and Leuich4 have 
obtained a re la t ionship  between the  drag coef f ic ien t  and flow condition around 
the bubble as 
f o r  quasi-steady s t a t e .  This indicates that i f  the  change i n  the  flow veloc- 
i t y  i s  s u f f i c i e n t l y  s m a l l ,  compared with t h e  veloci ty  i t s e l f ,  then the  t r ans -  
l a t o r y  motion of the  bubble is  d i r ec t ly  proportional t o  the  square of the  
bubble radius  or 
u, = c R' 
On t h e  contrary,  i f  t he  change i n  the  flow veloci ty  i s  very la rge  compared 
with t h e  veloci ty ,  Miyagi3 i n  his  experimental study of an a i r  bubble r i s i n g  
i n  water, has proposed 
fo r  t h e  i n i t i a l  period of t h e  bubble 's  t r ans l a to ry  motion. In t h i s  analysis  
these  two velocity changes a re  imposed on t h e  system as a disturbance which 
causes t h e  bubble t o  e i t h e r  grow o r  collapse.  Beside the  t r ans l a to ry  veloc- 
i t y ,  a change i n  the l iqu id  temperature at a dis tance from t h e  bubble moving 
at a constant veloci ty  may be regarded as another disturbance. 
eral case i s  the one i n  which these  two disturbances are simultaneously i m -  
posed on t h e  system. It i s  the  purpose of t h i s  analysis  t o  inves t iga te  the  
t ime-history o f  bubble s ize  under such circumstances. 
The most gen- 
The following assumptions a re  imposed on t h e  analysis : (a )  The flow 
(b)  The vapor temperature inside the  bubble i s  uniform ( o r  
around t h e  bubble i s  idea l  and equal t o  the  t r ans l a to ry  veloci ty  of t h e  
bubble 
lumped) and equal t o  the  surface temperature of the  bubble. 
sumption needs some j u s t i f i c a t i o n :  
ponents of t h e  vapor veloci ty  inside the  bubble and t h e  ve loc i ty  of t he  l iquid 
outside t h e  bubble have t o  be equal one wr i tes  
. 
The f irst  as- 
Since the  tangent ia l  and normal com- 
and 
Furthermore, the force balance i n  the  radial  and tangent ia l  d i rec t ions  re-  
quires  
I I 1  6 - E  
where 
Equations (6)  and (7) may be rewri t ten as 
and 
If the  surface tension i s  negligible and t h e  v iscos i ty  of vapor i s  very 
much smaller than t h a t  of l iqu id ,  Eqs. (9) and (10) reduce t o  
p"= p' 
and 
I 
These equations are t h e  conditions for  an idea l  flow, 
If t h e  viscous-heating, pressure work, convection i n  the  radial direc-  
t i o n ,  conduction along t h e  bubble surface and 2 
face are a l l  negl igible ,  t h e  energy equation f o F  
near t he  bubble sur- 
iquid may be expressed 
as 
The assumption of s m a l l  
term i s  the  . The la t te r  i s  s m a l l  compared with 
near t h e  bubble surface i s  j u s t i f i e d  si% t h e  
2 Y 2  
if t h e  thermal 
which i s  t h e  case f o r  la rge  Peclet number. 
ary conditions are 
i s  su f f i c i en t ly  small compared with R, 
The appropriate i n i t i a l  and bound- 
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The energy balance a t  the  bubble surface requires 
With U i n  Eq. (13) specif ied as Eq. (2) f o r  t h e  quasi-steady case 
and as Eq. (3) f o r  t h e  la rge  accelerat ion case 
t o  Eqs. (14) and (15) may be solved f o r  various case as follows: 
o/(J > 1 , Eq. (13) subject 
1. Temperature Distr ibut ion 
a. Quasi-Steady Case, b/U << 1 .-For t h e  quasi-steady case i n  which 
6,c, .. ., R, fi,  #, ... are  very s m a l l  compared with U, and X/U << 1 i n  the  
neighborhood of the bubble surface,  t h e  following dimensionless parameters 
are introduced : 
If the  parameters {To ~ r,;. *] , {lo f , ,  * *  
dimensionless temperature €3 may be expanded i n t  
a re  s u f f i c i e n t l y  s m a l l ,  t he  
t h e  Taylor 's  s e r i e s  as 
t .. 0. 
The subsi tut ion of Eq. (17) i n t o  Eqs. (13) and (14) follwed by co l l ec t -  
ing the  same order of the terms yields  the following simultaneous ordinary 
d i f f e r e n t i a l  equations w i t h  t h e i r  appropriate boundary conditions. 
8. cs.  
8 . C S  
0 . .  
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b. Large Acceleration Case, U/U >> 1. --New dimensionless parameters a re  
I 
defined f o r  Eq. (17) as 
( 19) -. , 
I 
Following t h e  same procedure as described i n  t h e  previous sec t ion  a s e t  
of ordinary d i f f e r e n t i a l  equations and t h e i r  appropriate boundary conditions 
are  obtained. They are  iden t i ca l  with Eqs. (18) except f o r  t he  boundary con- 
d i t i o n  at X = 0, which cannot be s a t i s f i e d  fo r  t h i s  case.  
2. Solution for  t he  Bubble Growth Rate 
a. Quasi-Steady Case, b/U << 1.-The energy balance at t h e  bubble sur-  
face as given by Eq. (1.5) may be expressed as 
With t h e  subs t i tu t ion  of Eq. (l7), t h e  above equation becomes i 
where t h e  parameters, as defined i n  Eq. (16), may be rewr i t ten  as 
24 
a .  . 
8 .  . 
The relat ionship between t h e  bubble growth r a t e  and t r ans l a to ry  veloc- 
i t y  may be obtained from Eq. (2) as 
Subs t i tu t ing  the  combination of Eqs. (20) -( 22) gives 
25 
f 
Integrat ing Eq. (23) followed by the  subs t i t u t ion  of E o ( O b  E ( O ) ,  ' ' 
numerically obtained by solving Eqs. (18) one obtains t h e  ordinary d i f f e r e n t i a l  
equation i n  r as 
26 
I 
Equation (24) expresses t h e  response of t h e  bubble growth or collapse 
- caused by a s tep  change i n  t h e  t rans la tory  veloci ty  and/or the boundary move- 
ment of t h e  bubble. Since t h e  dimensionless temperature 0 is  expanded i n t o  a 
power series as Eq. ( l 7 ) ,  Eq. (24) consis ts  of an i n f i n i t e  number of terms. 
The number of terms necessary t o  be taken i n  Eq. (24) depends on t h e  convergence 
of t h e  8 power-series. 
In  general, t h e  power-series method assumes t h a t  t he  solution e x i s t s  and 
i s  ana ly t ic  i n  a ce r t a in  region i n  which a power-series t o  represent it i s  
formally setup a t  the  beginning of t h e  procedure. 
exact region of convergence would have t o  be given by subsequent proofs. 
may be reasonably assessed by s tudyingthe  behavior of t h e  se r i e s  when t h e  
number of terms included i s  varied. The technique is  t o  be applied t o  Eq. 
(24) .  
means of an I B M  7090 d i g i t a l  computer: 
The uniqueness and t h e  
T h i s  
Equation (24) has been numerically solved f o r  the  following cases by 
Case 1. 
Equation (24) reduces t o  
Zeroth-order solution, which re ta ins  no terms involving Ti and . 
subject t o  t h e  i n i t i a  condition ro = 1.0. Equa-ion (25) i s  integrated t o  
give 
(26) 
Case 2. First-order,  first-power solution, which r e t a ins  those terms involv- 
ing t h e  zeroth-order solut ion and To, to . Equation (24) becomes 
d Y  L o  /06/5 rz 
d z - f 2 S - 1 0 0 f O L ? ) ~ f ~ +  0869097f ( 27) 
- -  
Case 3 .  First-order,  second-power solution, which r e t a ins  those terms in-  
volving t h e  zeroth-order solut ion and E ,  6 ?' )? cbI . Equation 
(24) reduces t o  ' 1  0 )  & /  
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Case 4. 
volving t h e  zeroth-order so lu t ion  and T o ,  ?,,jd, 5,. Second-order, first-power solut ion,  which r e t a i n s  those terms in-  Equation (24) becomes 
where 
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Case 5. 
volving t h e  zeroth-order solut ion and To 2, cr-,', T6%, E&, ?& 
Second-order, second-power solution, which r e t a i n s  those t pns  in-  
J,TL 1I 
I 
. 
I >  
Case 6. 
Case 5 and E,. 
Third-order, f irst-power solution, which r e t a ins  those terms involving 1 
I 
One obtains I 
b. Large Acceleration Case, fi/U >> 1.-The bubble motion was inves t i -  
gated f o r  the  ea r ly  period when t h e  bubble starts upward t r ans l a to ry  motion 
from r e s t  by =yagi5 as 
Miyagi5 ver i f ied  Eq. (1) both experimentally and theo re t i ca l ly  employing 
~ t he  concept of "added mass. I t  
I From Eq. ( 3 ) ,  t h e  following relat ionships  are  obtained. 
In the  region kt << 1, one obtains 
.. 
l ” ,  
The time required t o  reach 95% of the  s teady-state  ve loc i ty  may be 
from Eq. (3) as 
The same procedure i s  followed t o  ca lcu la te  t he  bubble dynami 
i n  V-B-2-a. One obtains 
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calculated 
cs  as given 
1 
Case 1. Firs t -order  solution. Assuming f s v  , I , and A*/ 
and I , Eq. (33) becomes 
I 
The in tegra t ion  gives 
Case 2. Second-order solution. 
wr i t ten  as 
Including the  2’ term Eq. (33) may be re-  
C. RESULTS AND DISCUSSION 
1. Temperature Distribution 
A s e t  of simultaneous ordinary d i f f e r e n t i a l  equations, Eqs. (18) with 
t h e i r  appropriate boundary conditions are solved numerically by s teps  of 
0.01 using an IBM 7090 d i g i t a l  computer. 
exployed f o r  t h i s  purpose. 
a re  graphical ly  presented i n  Figs. 19-21. 
in te rpre ted  as  follows : 
The method of  Runge and Kutta w a s  
The temperature d i s t r ibu t ion  functions F and f 
These functions may be physically 
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~:(t'): Temperature distribution function for steady state which corresponds 
to a constant size bubble in translatory motion with a constant vel- 
ocity. 
Fk(9): Temperature component influenced by the bubble growth speed as ex- 
pressed by the parameter? 
6. 
1 
F ( ) :  Temperature component influenced by the bubble growth acceleration 
1 .  
as expressed by the parameter 7 1 7  
f,l: Temperature component influenced by the bubble translatory speed ac- 
celeration as expressed by the parameter . 
G o  
... 
In order to evaluate the effects of the boundary-layer motion and/or trans- 
latory variation on the temperature distribution, it is essential to know the 
magnitude of each parameter. Among these parameters, To , T I ,  and F o  have 
larger effects on the temperature distribution than the others. It is dis- 
closed that the parameters ro , f' have a positive effect on the bubble growth 2 while '??I has a negative effect. Those parameters which indicate the effect 
of the translatory-velocity variation, F b  ,/, , tend to suppress the bubble 
growth. If both and 6 are positive, their effects on the bubble growth are 
opposite and may cancel each other, although the effect of appears greater. 
2. Bubble Growth or Collapse 
For the quasi-steady case, the time-history of bubble growth is presented 
in Fig. 22 as a function of the dimensionless parameter s. 
the convergence of the solution is quite rapid for 8 7  2. 
becomes less than unity the solution has poor convergence because the assump- 
tion of small , 2; , fails when $ is too small since the temperature and ? 
difference becomes large. 
It is seen that 
However, when 
For the large acceleration case the bubble growth rate is presented in 
Figs. 22 and 23 for a comparison with the quasi-steady case. 
rate is recorded. 
(33). 
A faster growth 
Figure 24 shows the convergence of the bubble dynamic Eq. 
A poor convergence is observed as 6 becomes less than unity. 
D. CONCLUSIONS 
1. The technique developed evaluates the effects of the boundary move- 
ment and translatory velocity change of the spherical bubble on the temper- 
ture field and the bubble growth rate. 
, 
2. A substantially higher growth rate is obtained for the case of large 
acceleration compared with the quasi-steady case. 
I 
I 3 .  The bubble growth for small & varies with t 2 compared with t1I2 for 
The present solutions converge very well f o r  6> 1 for both small 
I the growth of a stationary bubble in a superheated liquid. 
I 4. 
I and large acceleration. 
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VI. TRANSIENT, LAMIKAR FREZ CONVECTION HEAT TRANSFER 
IN TWO-DIMENSIONAL CONTAINERS 
A. ANALYTICAL WORK 
The numerical method of finite-difference approximation,described in 
Ref. 7, forthe solution of transient, laminar free convection heat and mass 
transfer in two-dimensional rectangular liquid containers, is used for the 
solution of the transient natural convection velocity and temperature dis- 
tributions in cylindrical containers. In applying the previously described 
method to the new geometry, some modifications of the computational proce- 
dures, as well as in the difference-equations, were required owing to the 
difference in the geometry. The development of the differential equations, 
difference-equations and the boundary conditions is given below. The fluid 
is assumed to be incompressible and the properties are constant. Density 
variations are allowed, in the axial-momentum equation, only in the body 
force term where density differences give rise to the buoyancy force. 
geometry is given in Fig. 25. 
The 
The Differential Equations: 
X -mome ntum 
Radial momentum equation 
Continuity equation 
Energy equation 
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Differentiating the x-momentum with respect to r and the r-momentum 
with respect to x, eliminating the pressure term the following equation is 
obtained: 
since the pressure changes are small, then the density variations could be 
assumed a function of temperature only. The following relationship is al- 
ways used: 
where 6 and 
respectively. 
are the initial values of the density and temperature, 
From the continuity equation 
also let 
substituting Eqs. (41)-( 43) in (40) we get: 
since the velocity component 
considered, the presence of the term ( S W Y r )  in E q .  ( 9 )  presents a computa- 
changes sign in the two-dimensional domain 
t i o n a l  s t a b i l i t y  problem. A possible solut ion f o r  t h i s  problem could be made 
by taking the  value of ( p w % )  t o  be t h a t  a t  t h e  advanced time l e v e l  i f  v i s  
posi t ive,  and is  evaluated at t h e  present time l e v e l  i f  v i s  negative. 
disadvantage of t h i s  procedure i s  tha t  t h i s  term i s  not evaluated a t  the  same 
time l e v e l  a t  a l l  nodal points.  
handle t h i s  problem, by which t h i s  term i s  eliminated from Eq. 
following way: 
One 
However, a d i f f e ren t  approach was made t o  
(45) i n  the  
Let: 
Upon subs t i t u t ion  of Eq. (45) i n  (44) ,  Eq. 
form: 
where 
(44) 
'8 
- 2 t- 
(45) 
i s  reduced t o  t h e  following 
The subs t i tu t ions  necessary t o  nondimensionalize the  equations are:  
Defining the  stream funct ion tp by: 
Subs t i tu t ing  (48) and (49) i n  ( 3 9 ) ,  (461, and (471, we obtain: 
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The derivatives in Eqs .  ( 3 0 ) - ( 5 2 )  are approximated by finite differences as 
follows : 
and are b W  1. The first order derivatives u- b A  
approximated by backward-di-fferences if the coefficient velocity 
component is positive, and is represented by forward-differences 
if the coefficient velocity component is negative. This is the 
same procedure used in Ref. 7. 
approximated according to the following formular 
- -  at+ - f ( x t o x ~ - z P ~ x ) 3 P ( x - A X )  
b X =  (AX I t  
he and -- 3 'bw are 3. The first order derivatives in terms -- R >f? R Afl 
( 5 3 )  
approximated by central derivatives. 
Since both R h e  4. and aA go t o  zero as R approached zero, then the 
term-- I >e in the energy equation, is replaced at the center line a b~ 
by its limit as the radius goes to zero. 
5. The time-derivative is represented by forward-difference, i.e., 
Accordingly, each of Eqs .  (SO), (51) and ( 5 2 )  can be replaced by a 
system of l i n e a r  algebraic equations. The l i nea r i za t ion  of the a l -  
gebraic equations i s  accomplished by assuming t h a t  U and V a re  known, 
the values of which a re  those a t  the  previous time step.  The d i f -  
ference equations f o r  the  case when U) 0, V a0 are  given below 4 
The primes r e fe r  t o  the  values of the var iables  a t  the advanced 
time leve l .  
The sequence of operations necessary t o  compute the  new values of the  
dependent var iables  across any time step i s  summarized below. 
1. 
2 .  
3. 
4. 
Compute the  new temperatures using Eq. (54).  
The r e s u l t s  obtained f o r  the temperature d i s t r ibu t ion  a re  used 
i n  Eq. ( 5 5 )  t o  calculate  the new values of the  v o r t i c i t y  W a t  
each nodal point.  
Equation ( 5 6 )  is  used t o  f ind  the stream functions a t  the in t e r io r  
points  and could be solved by any of the known i t e r a t i v e  methods. 
The block-i terat ive method, described i n  Ref. 8, i s  used here, 
since it i s  more e f f i c i en t  than the  other methods. 
The ve loc i ty  components a re  calculated from the  known stream 
function d is t r ibu t ion .  
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5 .  The vorticity at the solid boundaries are calculated using the 
finite-difference version of Eq. ( 5 2 )  e 
It is worth mentioning that the stability criteria used for the cylin- 
drical and the rectangular geometry are identical. 
While the specific calculations described here are for step-changes, 
the program of computation is general and may be applied to an arbitrary 
time-dependent disturbance in wall heat flux. 
sure and g-level or any simultaneous combination of these. 
Wall temperature, ullage pres- 
The method of calculations outlined above has been applied to calculate 
the velocity and temperature distribution in a cylindrical tank partially 
filled with liquid nitrogen initially at rest and at temperature To 
pressure Po. The tank walls are suddenly exposed to a constant heat flux 
q" Btu/hr-ft2, while the pressure in the ullage space mdergoes a step 
change to Ps. 
Ts which is the saturation temperature at P,. 
sulated. 
flux q" is equal to 400 Btu/sq ft hr. 
and 
It is assumed that the liquid surface assumes a temperature 
The bottom of the tank is in- 
The ullage pressure Ps is assumed to be 50 psia. The wall heat 
The stream-line patterns obtained for two different values of time 
level are shown in Figs. 26 and 27. 
B.  EXPERIMENTAL WORK 
Experimental work to study the phenomena of transient, laminar natural 
convection heat transfer in partically filled two-dimensional liquid con- 
tainers is underway. The purpose of this work is to check the results ob- 
tained theoretically using the previously described technique of numerical 
solution. This phase of research will be completed by the end of this year. 
C. ANALYTICAL STUDY OF THE VELOCITY TRANSIENTS DURING THE PRESSURIZED 
DISCHARGE 
The numerical method used to study the transient natural convection, 
which has been described elsewhere (Ref. 7),is used to study the transient 
velocity, as well as the temperature distribution inside a two-dimensional 
cylindrical tank during the pressurized discharge process. 
fluid is at rest and the height of the liquid column is b. 
itial condition, fluid is discharged at a constant flow rate w. 
charge is assumed to continue for a period of time t = td, after which the 
discharge process is terminated suddenly. 
well as the transient temperatinre distribution during the discharge process 
are calculated. td 
Initially the 
From this in- 
The dis- 
The time-dependent velocity as 
Also the post-shutcff velocity transier,ts for times t 
40 
w i l l  be calculated and the  nature of the decay of the  f l o w  currents  inside the  
tank a f t e r  the shutoff will be determined. 
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Figure 4. Pressurized test vessel. 
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